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Relationship between correlation function Bt parameters and source distributions D. E. Fields, 3 . P. Sullivan We review the method of two-particle intensity interferometry, define appropriate techniques to make the comparison between RQMD source distributions and correlation function fit parameters, and compare these to results from CERN experiments NA44 and NA35. The fit parameters are investigated as a function of rapidity and transverse momentum and are found to depend These experiments are all driven by the desire to understand the dynamical evolution of the collision process. Since intensity interferometry was erst used in nuclear physics [1] , there has been much excitement about this method of determining the space-time characteristics of the interaction zone in nuclear collisions. Furthermore, the source volume and lifetime may be sensitive to the formation of a quark-gluon plasma would lead to a longer lifetime and a larger source size than hadronic matter [2] . Ideally, both quantities should be measurable through intensity inter ferometry.
In this work, pion correlation functions over a broad range of rapidity and transverse momentum, p~, are de- rived from events generated by the RQMD model and fit with the static Gaussian formalism. The resulting Gt parameters are compared to the input source distributions and to experimental results. If the formalism correctly describes the physical processes involved, the Gt parameters relate directly to the source distributions. As this may not be the case, the assumptions underlying the formalism are discussed. By relating the Bt parameters to the input source distributions in the simulations, more quantitative interpretations of the experimental fit parameters can be made. Although the RQMD model is used as the basis for the comparison, emphasis will be given. here to efFects which should not depend critically on the model, such as transverse expansion and resonance decay.
We compare our work to CERN experiments NA35 and NA44 at E /A = 200 GeV, S+Au and S+Pb. The radius parameters extracted in these experiments vary in a consistent manner from system to system, e.g. , the radius parameters for the p+Pb system are smaller than for the S+Pb system [4] . The radius parameters are also much larger than the projectile RMS radii [5, 6] . However 
II. B. EVIEVV
We briefly review the intricacies of intensity interferometry in nuclear physics, although more complete descriptions exist elsewhere [9, 10] . It has been shown that the correlation function is not a true four-dimensional function of q [9] ; that is, since qo --q Pg2, with RL 2[A + U, 7. ], (10) where p, = 1/gl -U2, U, is the source velocity in the analysis kame, and w is the width of the source lifetime distribution.
In [5] . Thus, the assumption of spherical symmetry can be relaxed to a cylindrical symmetry [13] . where the phenomenological parameter A is the chaoticity or strength parameter and has the value of one in the ideal case [12] . By examining the relationship of this correlation function to its inverse Fourier transform and to Eqs. (1) and (2) , the radius parameters relate to R (the width of the position distribution) by [10] Experimentally, the probability for detecting a correlated pair (the correlation function) is determined bỹ exp ( -)
The "real distribution" A(qg is the measured two-particle distribution as a function of the relative momentum, and the "background distribution" R(qg is typically a twoparticle distribution constructed from tracks mixed randomly from all events contained in A(qg.
Several corrections must be applied to Eq. (13) before Eq. (6) may be used to extract dynamical quantities from the correlation function. The background distribution B(q) ideally should consist of completely uncorrelated pairs. Experimentally, however, if the sample of pairs from which the background distribution is created contains correlations (e.g., from the Bose-Einstein correlation), a residual correlation will remain in the mixedpair events [10] . Additionally, effects of the detector acceptance must be eliminated from the pair sample. Finally, because of the assumption of noninteracting particles (plane waves), any final state and Coulomb interactions must be taken into consideration.
Both NA35 and NA44 have large two-pion data samples for sulphur on heavy target reactions at E/A = 200 GeV, allowing three-dimensional analysis of the correlation function. NA44 has particle identification capability to separate pions and kaons. NA35 has a broad acceptance and one can study rapidity as well as pT dependences of the correlation functions. The data analysis methods are similar but the functions used in fitting the data differ slightly. Both experiments assume a Gaussian position distribution, leading to a Gaussian-like correlation function. NA35 has an additional factor of 2 in the exponent of Eq. (6), resulting in quoted fit parameters that are larger by a factor of V2. Also, the NA44 analysis is in the LCMS kame, whereas NA35 uses the %-N center-of-mass frame. Comparison of the resulting fit parameters requires conversion to a common reference kame.
Experiments have compared their data to the RQMD model with good agreement [4, 6 -8,14,15] . The RQMD model (version 1.08) is a transport-type event generator based on string and resonance excitation and decay and includes rescattering of the produced particles. It also includes string-string interactions (color ropes). A detailed description can be found elsewhere [16] . Two-particle correlation functions are calculated via the method de- scribed in Ref. [15] .
The simulated correlation function is determined by rapidity. No azimuthal angle restriction was used in the acceptance for each bin, i.e. , only rapidity and transverse momentum were used to select events for that bin. Particles were taken &om "minimum bias" events from a range of impact parameters (0 -7 fm).
For each bin, a correlation function was calculated as in Ref. [15] with 15 MeV/c bin sizes in momentum difference projections. These correlation functions were then used to fix the parameters of Eq. (6) [12] . Since the Gamow factor assumes a point source, a small error is introduced in the Coulomb correction to the correlation function. The relatively good agreement between calculated correlation functions f'rom RQMD and experimental results, in addition to good agreement with measured singleparticle spectra [17, 18] In addition to the fj.t parameters, the &eeze-out distribution of particles was examined for each bin in rapidity and pz. As previously mentioned, the relationship between the source distributions and the fit parameters &om the simulations is straightforward when the assumptions of the formalism are valid. Lorentz efFects, correlation between the position and momentum, resonance decays, and time-dependent dynamics can alter this relationship. It is shown in the next section that the effects are indeed significant, and that they necessitate the use of a model to determine source properties from experimental data.
IV. RESULTS Figure 2 shows the fit parameters A, B~"BI. , and BT as a function of rapidity versus transverse momentum, pT, from correlation functions calculated from RQMD events. The acceptance of each bin is given in Table I ( (R ) 20 fm/c) and is mainly due to resonance decay. (2) The radius parameters exhibit a more complex shape, peaking at mid-rapidity and low transverse momentum.
Bl. demonstrates the strongest pz dependence, falling from nearly 7 fm at low pz to 2 fm at pT = 800 MeV/c.
The behavior of A~is similar to that of RT, .
The difFerence between the two transverse radius parameters should ideally measure the emission time difI'erence between the particles of the pair. From Eqs. (11) and (12) in the P, = 0 reference frame, Table I . (Note that at low and high rapidity and at high pT the acceptance are more than one bin. ) Figure 3 shows this A~in the rapidity versus pT plane. The values decrease from 6 fm/c at mid-rapidity and low pT to 1 fm/c at high pz .
For comparison to the Bt parameters, the source spacetime distributions at freeze-out from RQMD are plotted for each bin in rapidity and pT in the LCMS frame. comparison to the fit parameters, since the difference of two Gaussian distributions of equal width is wider than the original distributions by this factor). The difference distributions were used instead of the positions so that they would always be centered on zero. This allows a fixed range for the RMS of +20 fm. Shown in Fig. 4 are the resulting x, y, z (beam direction) and time t widths as a function of rapidity and pl .
The x and y distributions are the same because events were rotated round the beam axis to increase statistics for pairs in the rapidity and pT acceptance. There is no rapidity dependence of the emission lifetime.
In order to examine the distribution of particles with similar momenta, an additional requirement that p be Although comparisons of data to RQMD are naturally made by applying the detector acceptance to the RQMD events, it is informative to compare the experimental results to the global RQMD trends. One would not expect quantitative agreement since experimental acceptances are, in general, more complicated than rectangular bins in rapidity and p~. It is also important to have the same collision dynamics bias in the simulations as the experimental data. Furthermore, both the experimental and simulated fit parameters must be determined in the same rest frame and using the same fitting function. Table II is a compilation of the available data from the NA35 and NA44 experiments compared to the results Rom comparable rapidity and p~o f the calculation. Also included in the table is the RQMD result using the NA44 detector acceptance for the low and high pz data sets. The agreement is generally good for both experiments. The differences between the experiments can be qualitatively understood as arising from the di8'ering rapidity and pT coverage. Table   I . NA44 data is for R/A = 200 GeV, S+Pb, NA35 data is for E/A = 200 GeV, S+Au. NA35 data has been converted to the LCMS frame and reduced by the factor of~2 to conform with the present formalism. "This work" is the RQMD results of Table I using square acceptances in rapidity and pT . "RQMD+NA44" is a RQMD calculation using the NA44 experimental acceptance and bias. Ref. [6] This work RQMD+NA44 This work RQMD+NA44 (5] This work [5] This work [5] This work [5] This work 
VI. DISCUSSION
This global study allows the following: (1) A global picture of the trends of the fit parameters, with the ability to manipulate the input to the event sample and thus gain a better understanding of the underlying physics; (2) understanding the meaning of the fit parameters by comparison between the fit parameters and the source distributions; (3) comparison of results from experiments to the model and interpret the results in terms of the source distributions in the model; (4) comparison of results &om diferent experiments. We will discuss each of these in turn.
How does one interpret the trends in the 6t parameters'? It has been shown [15, 19, 20] that the presence of long-lived resonance, predominant at low p~, can suppress the expected value of the A parameter by creating a very narrow component in the correlation function. When the q resolution of the detector (real or simulated) is larger than this narrow component, the spike gets smeared into several bins of q and the correlation function does not go to 2 as expected. The resulting A is less than the ideal value of 1. This is not an efFect of a coherent source as the name "chaoticity parameter" implies. It has also been speculated that the presence of long-lived resonances may lead to observed the pT dependence of the radius parameters [6] . Resonance decays populate low pT because of momentum sharing between multiple decay products.
In order to better understand the eA'ect of resonance decay on the fit parameters, we repeated the above process with all pions originating from long-lived resonances (w, g, g') excluded from the sample comprising the correlation function. Figure 7 shows the relative fraction of each of these resonances as well as the total fraction of long-lived resonances as a function of rapidity and transverse momentum. The long-lived resonance fraction starts near 30% at low pT and falls to 5%%uo at pT = 0.8
GeV/c. (The apparent rapidity dependence at low pl is from the larger range of pT at low and high rapidity. ) Figure 8 shows the fit parameters from correlation functions derived from the same events as above, but excluding the long-lived resonance decay products. In order to avoid errors in approximating the efFect of Coulomb forces, the Coulomb part of the wave function was turned off in the calculation and the Gamow correction was not applied. The most notable change from Fig. 2 (Fig. 8) , it is still much smaller than the 8 fm expected in the ideal case [see Eq. (12) and Fig. 4 ].
This effect can be clearly demonstrated by comparing the distribution of Fig. 9 with the time distribution of Fig.  4 . At low pz and mid-rapidity, Eq. (15) gives a good description of the emission lifetime, whereas at high p~, it falls 5 -6 fm/c short of the emission lifetime.
The p~d ependence of the radius parameters in the experimental data is shown by the model to be a result of the correlation between position and momentum within the source at &eeze-out. This correlation between position and momentum may be caused by transverse expansion driven by rescattering of the particles [21] As stated previously, the comparison of the experimental results to RQMD is best done by applying the experimental acceptance and event sample bias to the stimulated events, and then constructing the correlation functions. However, the current study allows us to compare the simulated fit parameters to the source distributions at all rapidity and p~, and identify areas in rapidity and p~s pace where the fit parameters most closely represent the "true" source distributions. The lifetime and transverse size of the source are shown to be best measured at mid-rapidity and low p~.
VII. CONCLUSIONS
The results &om experimental two-particle correlation functions are difBcult to interpret without the aid of microscopic models. The assumptions which enter into the derivation of fitting functions for the experimental correlations are not all valid according to the RQMD model. These difBculties can be overcome by comparing the results of a global study of correlation functions derived from RQMD events, the source space-time distributions of these events, and the experimental results. Another approach may be to use a formulation which takes into account the dynamics of the collision, and therefore yields fit parameters which can be interpreted more directly [22] .
Due to significant differences in the fit parameters as a function of rapidity and transverse momentum, it is difficult to compare results from experiments with difFerent acceptances directly. This study shows the fit parameters from CERN experiments NA35 and NA44 are consistent within the framework of RQMD.
The decrease of the A parameter as a function of decreasing p~i s understood in terms of a large radius component, mainly due to long-lived resonance decay. It has been shown previously [15] that kaons are much less affected by long-lived resonance decay and therefore studying kaon correlation functions alleviates this problem.
The pz dependence of the radius parameters arises from position-momentum correlations in the source. The transverse expansion which causes this correlation is driven in the RQMD model by rescattering.
The exclusion of long-lived resonances from the event sample has little efFect on the resulting radius parameters and no effect on their trends as a function of pz . 
